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population. The genome affinity index (GM) estimate was 0.98 and thearm
affinity estimate (AAI) was 0.65 for the C. viscosissimax C. lanceolata f.
silenoides population. The GM estimate was 0.52 and the AAI estimatewas
0.34 for the C. viscosissima x C. lanceolata f. typica population.
Fatty acid phenotypes of C. viscosissima x C. lanceolata f. silenoides F2
and backcross individuals were analyzed using gas chromatography. Non-
overlapping distributions of caprylic acid (C8:0) phenotypic classeswere
identified. Our data indicate that caprylic acid content is affected bya single
gene, which we name cei.
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F2 and three backcross populations of the C. viscosissimax C. lanceolata f.
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INTRODUCTION
In the early 1960's, scientists at the USDA/ARS NorthernRegional
Research Center in Peoria, IL found that seeds of Cupheaspecies contained
between 16 and 42% oil, and that these oils had high levelsof lauric, capric, and
other medium-chain fatty acids (Thompson and Kleiman,1988). Medium-chain
fatty acids have important industrial, dietary, andmedical applications. Caprylic
acid (C8:0) and capric acid (C10:0) have several potentialmedical and dietary
applications. Applications include obesity control,serum cholesterol level
reduction, a quick, high energysource for animals and humans, and a newborn
infant feeding supplement (Thompson, 1984).Although there appear to be many
medical applications of caprylic and capric acids,lauric acid is currently of the
greatest economic importance. Lauric acid (C12:0) is used in themanufacture of
soaps, detergents, surfactants, lubricants, and other such products (Thompson,
1984). It also is used in cooking fats, shortenings,dairy fat replacers, and cocoa-
butter substitutes (Arkcoll, 1988).
The United States does not havea domestic source of medium-chain fatty
acids and currently obtains them fromcoconut palm kernels (Cocos nucifera L.)
and the African oil palm (Elaeis guineensis Jacq.)(Arkcoll, 1988). The United
States imported an average of 525,000tons of tropical palm oils per year between2
1976 and 1983 (Knapp, 1990). The supply of importedmedium-chain fatty acids
fluctuates drastically. Drought, disease,pests, typhoon damage, declining yields of
palm plantations, and increased demand for wholecoconut are factors threatening
the supply of medium-chain fatty acids (Arkcoll,1988).
Avoidance of a complete dependenceon imported lauric and other
medium-chain fatty acids is thereason for interest in the domestication of
Cuphea. Cuphea is a genus comprised ofapproximately 260 species and is the
largest genus in the family Lythraceae (Graham,1988). Two centers of species
diversification have been identified for Cuphea,southeastern Brazil and western
Mexico (Graham, 1988). The geographicalrange covered by Cuphea species
extends from the eastern United Statesto southern Argentina (Graham, 1988).
Members of the section Heterodon havebeen the focus of Cuphea domestication
efforts (Hirsinger and Knowles, 1984). Thissection includes most of the annuals
occurring in the predominantly perennialgenus. Species of this section are
concentrated in the western Sierra Madre of Mexico(Graham, 1988). Seed
shattering, a trait shared by all members ofthe genus, most seriously impedes
domestication. Other undesirable traits includeseed dormancy and indeterminate
growth (Hirsinger and Knowles, 1984).
Cuphea viscosissima and Cuphea lanceolataare two species well adapted to
temperate climates and are important in domesticationefforts.C. viscosissima is
autogamous and endemic to the southeastern UnitedStates (Graham, 1988). C
lanceolata is self-compatible, naturally allogamousand native to the Central3
Plateau of Mexico (Graham, 1988). Both specieshave 2n=2x= 12 chromosomes
and similar pollen morphology (Graham, 1988).
Flowers of the two species are zygomorphic, with2 dorsal and 4 ventral
petals, and are perigynous. Floral tube length, petalsize, and petal color differ
greatly between the two species. C. viscosissimaflowers have a floral tube length
of 8-12 mm and light purple petals. The floraltube of C. lanceolata flowers is 15-
25 mm long, and the petalsare entirely dark purple or with a light purple margin
(Graham, 1988).
Graham (1988) has observeda continuum of floral characteristics between
the two extreme forms of C. lanceolata, whichshe lists as C. lanceolata f.
silenoides and C. lanceolata 1. typica. No taxonomicjustification exists for viewing
these forms as different species since they sharefloral morphology and other
important morphological characteristics (Graham,1988).
Interspecific hybridization within Cuphea has beenproposed as a method
of overcoming agronomic problemsassociated with the genus (Thompson, 1984;
Ray et al., 1988). Investigations of artificialinterspecific Cuphea hybrids within
the section Heterodon have revealedsome fertile hybrids (Ray et al., 1988;
Gathman and Ray, 1987; Ray et al., 1989).Spontaneous interspecific hybrids
have also been reported (Ray et al. 1989,Knapp, personal communication).
Hybridization C. viscosissimax C. lanceolata f. silenoides occurred naturally in the
field and produced fertileprogeny (Knapp, personal communication). Thissame
hybrid has been produced artificially andalso found to be fertile (Ronis et al.,4
1990). However, artificial hybridizations ofC. viscosissima x C. lanceolata 1. typica
yielded sterile progeny (Knapp, personalcommunication).
Preliminary evidence indicated that segregationdistortion occurred in the
F2 of the fertile interspecific hybrid C.viscosissima x C. lanceolata f. silenoides
(Thompson, personal communication). Ourinitial hypothesis was that segregation
distortion would occur in the F2 and backcrossprogeny where the interspecific
hybrid was used as the pollen parent andsegregation would be normal witha
homogeneous pollen source. Because the pistillengths differed between the two
species, 34 mm in C. lanceolata f. silenoidesand 27 mm in C. viscosissima,we
hypothesized that this distortion might becaused by pollen tube growth rate
differences between the two species.
Allozymes can be usedas genetic markers to monitor segregation in
backcross and F2 progeny. Allozymes have severalproperties that make them
valuable genetic markers (Tanks ley, 1983).They are generally inherited codom-
inantly, which allows all genotypesto be distinguished in segregating generations.
Genotypes can be determined from wholeplants, tissues or at the cellular levels,
and often without sacrificing the individual.There is often a large number of
naturally occurring alleles at molecularmarker loci. Allozyme studies of Cuphea
species have confirmed that theyare amenable to segregation studies (Knapp and
Tagliani, 1989, Krueger and Knapp, 1990, Roniset al., 1990).
Variation between C. viscosissima and C.lanceolata extends to fatty acid
phenotypes. The predominant fatty acids of naturalC. viscosissima populations5
are caprylic (C8:0), capric (C10:0), lauric (C12:0), and myristic (C14:0)acids with
mean percentages of 16.01, 71.06, 2.63, 1.50, respectively (Knappand Tagliani,
1991a). Natural variation in these fatty acidconcentrations is limited within C.
viscosissima (Knapp and Tagliani, 1991b). Meanpercentages for caprylic, capric,
lauric, and myristic acids in C. lanceolata f.silenoides are 0.64, 81.93, 2.15, and
2.64, respectively. Because the fatty acidphenotypes of caprylic and capric acids
differ between the two species,we analyzed the fatty acid distributions in
segregating populations of the interspecificcross to characterize the genetics of
fatty acid biosynthesis in Cuphea.
In this paper, we describe the meiotic behaviorof C. viscosissima x C.
lanceolata f. silenoides and C. viscosissimax C. lanceolata f. typica populations and
the segregation of caprylic acid phenotypesand allozymes in C. viscosissimax C.
lanceolata f. silenoides F2 and backcross populations.The objective of this work
was to gain a basic understanding of the genetics of C.viscosissima x C. lanceolata
populations since they might playa significant role in the breeding and genetics of
Cuphea.6
Genetics and Cytogenetics of
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Abstract
Cuphea is currently under domesticationas a potential oilseed crop.
Interest in Cuphea is based on the fact thatmany of its species have seeds rich in
medium-chain fatty acids. Species of interestinclude Cuphea viscosissima
(2n=2x= 12) and Cuphea lanceolata (2n=2x=12).Interspecific hybrid populations
were produced between C. viscosissima and two C. lanceolata forms,f. silenoides
and f. typica The C. viscosissimax C. lanceolata f. typica population did not
produce seed after selfing and pollen stained with12KI was 100% non-viable. The
C. viscosissima x C. lanceolata f. silenoidespopulation produced seed after selfing
and the pollen was 75% viable. Pairingconfigurations at diakinesis and
chromosome segregation at anaphase I differedbetween the two interspecific
hybrid populations. Themean frequency of chiasma formation (c)was 0.53 for
the C. viscosissima x C. lanceolata f.silenoides population and 0.26 for the C.
viscosissima x C. lanceolata f. typica population.The genome affinity index (GAI)
estimate was 0.98 and thearm affinity estimate (AAI) was 0.65 for the C.
viscosissima x C. lanceolata f. silenoidespopulation. The GAI estimatewas 0.52
and the AAI estimatewas 0.34 for the C. viscosissima x C. lanceolata f. typica
population.
Fatty acid phenotypes of C. viscosissimax C. lanceolata f. silenoides F2 and7
backcross individuals were analyzed usinggas chromatography. Non-overlapping
distributions of caprylic acid (C8:0) phenotypic classeswere identified. Our data
indicate that caprylic acid content is affected bya single gene, which we name cei.
Segregation of five allozyme loci and the ceilocus was examined in the F2
and three backcross populations of the C.viscosissima x C. lanceolata f. silenoides
hybrid. Significantly distorted segregationratios were observed in 13 of 20tests of
the hypothesis of no deviation from expectedgenotypic segregation ratios.
Significantly distorted allele frequencieswere observed in 11 of 18 tests of the
hypothesis of no deviation from expected allelefrequencies within F2 and BC1
populations. Segregation distortion of alleleswas observed at SKDH-1, ACO-2,
PGM-1, PGM-2, MNR-1, and cei inat least one F2 or backcross population.
Segregation distortion occurredat the PGM-1 and cei loci in the F2 and all BC1
populations. C. lanceolata alleleswere overabundant in 8 of the 11 loci which had
distorted frequencies.8
Introduction
There have been many reports of artificialinterspecific hybridization in
Cuphea, especially within section Heterodon(Graham, 1988), but few attempts
have led to fertile progeny (Rayet al., 1988; Gathman and Ray, 1987; Ray et al.,
1989; Ronis et al., 1990; Lorey and RObbelen,1984). Since C. viscosissima is the
primary species undergoing domesticationas a new oilseed crop, fertile
interspecific hybrids between C viscosissimaand other species are of great
practical importance.
Fertile C. viscosissima x C. lanceolata f.silenoides populations are knownto
arise naturally and have been made artificially(Ronis et al., 1990), but the
meiotic and breeding behavior of thesepopulations has not been examined. If
normal meiosis and recombination take place,they should have great utility for
breeding C. viscosissima since C lanceolatais an excellent source of diversity for
many desirable traits, e.g., nondormancy, seed yield, andfatty acids (Knapp and
Tagliani, 1990; Knapp, 1990; Webbet al., 1991).
Interspecific hybrids could playa significant role in the genetics of these
species as well. Extensive allozymeand DNA polymorphisms have beenobserved
within C lanceolata (Knapp and Tagliani,1989; Webb et al., 1991), whereas
allozyme diversity within C viscosissimaaccessions sampled to date is knownto be
extremely limited (unpublished data).Furthermore, Webb et al. (1991) showed
that RFLP diversity was greater betweenC. viscosissima and C. lanceolata f.9
silenoides than within C. lanceolata f. silenoides. Fertile C.viscosissima x C
lanceolata f. silenoides hybrids make it feasibleto exploit the marker diversity of
C. lanceolata without resorting to theextreme measures which would be needed
to make a genetic map of C. viscosissima perse as a consequence of limited
marker polymorphisms within this species. The diversitybetween these species
greatly increases the utility and versatility of themap.
Graham (1988) has observeda continuum of floral characteristics between the
two extreme races of C. lanceolata, which she listsas C. lanceolata f. silenoides and
C. lanceolata f. typica. No taxonomic justification existsfor viewing these races as
different species since they share floral morphologyand other important
morphological characteristics (Graham, 1988).
Although hybrids between C. viscosissima and C.lanceolata f. silenoides
have been reported, hybrids between C. viscosissimaand C. lanceolata f. typica
have not. This is important because sterilehybrids between C. lanceolata f.
silenoides and C lanceolata f. typica have beenobserved (unpublished data). Each
of these species are known to have 2n =2x= 12 chromosomes (Graham, 1988).
Graham (1988) argued that C. viscosissimaand C. lanceolata are closely related
even though there are gross morphological differences betweenthem. The
fertility of interspecific hybrids betweenC. lanceolata f. silenoides and C.
viscosissima substantiates thisargument Their distributions are known to have
overlapped during the Miocene butare now disjoint (Graham, 1988). C.
viscosissima is widely distributedeast of the Missouri River in the U.S., whereas10
C. lanceolata is distributed throughout the CentralPlateau of Mexico (Graham,
1988). Perhaps the most prominent differencebetween these species is their
mating systems. C. lanceolata is predominantlyallogamous, whereas C.
viscosissima is predominantly autogamous (Knapp andTagliani, 1991; unpublished
data). Both are self-compatible, but onlyC. viscosissima is autofertile.
Variation between C. viscosissima and C.lanceolata extends to fatty acid
phenotypes. The predominant fatty acids ofnatural C. viscosissima populations
are caprylic (C8:0), capric (C10:0), lauric (C12:0), and myristic(C14:0) acids with
mean percentages of 16.01, 71.06, 2.63, 1.50 respectively (Knappand Tagliani,
1991a). Natural variations of these fatty acidsare limited within C. viscosissima
(Knapp and Tagliani, 1991b). Meanpercentages for caprylic, capric, lauric and
myristic acids in C. lanceolata f. silenoidesare 0.64, 81.93, 2.15, and 2.64 respec-
tively.
Because the fatty acid phenotypes of caprylicand capric acid differ
between the two species,we analyzed the fatty acid distributions in segregating
populations of the interspecificcross in an attempt to characterize the genetics of
fatty acid biosynthesis in Cuphea.
In this paper, we describe themeiotic behavior of C. viscosissimax C.
lanceolata f. silenoides and C. viscosissimax C. lanceolata f. typica F1 hybrids and
the segregation of caprylic acidphenotypes and allozymes in C.viscosissima x C.
lanceolata f. silenoides F2 and backcrosspopulations. The objective of thiswork
was to gain a basic understanding of the geneticsof C. viscosissimax C. lanceolata11
populations since they might playa significant role in the breeding and genetics of
Cuphea.12
Materials and Methods
Cytogenetics
Interspecific F1 hybridswere produced between a C. viscosissima inbred
line from PI-534911 and randomlyselected individuals within open-pollinatedC.
lanceolata f. silenoides or C. lanceolata f.typica populations. The specific C.
lanceolata f. silenoides and C. lanceolataf. typica populations usedwere LN-43 and
LN-78 (Knapp and Tagliani, 1990).Plants of C. viscosissima, C. lanceolataf.
silenoides, and C. lanceolata f. typicawere grown in the greenhouse where inter-
specific crosses were made. C viscosissimaflowers were emasculatedtwo to three
days before anthesis. C. lanceolata f.silenoides or C. lanceolata f. typica pollen
was applied to the stigmas of the emasculated C.viscosissima flowers one to two
days after emasculation. Pollenwas harvested from several plants within each C.
lanceolata population, thus creatingtwo interspecific F1 hybrid populations.
We examined 17 F1 individualswithin the C. viscosissimax C. lanceolata f.
silenoides population and 20 F1individuals within the C. viscosissimax C. lan-
ceolata f. typica population. Plantsfrom each populationwere grown outdoors in
reproductive isolation toassess their fertility. These plantswere primarily
pollinated by honeybees andbumblebees.
Pollen viabilitywas estimated by stainability with 12K1(McCammon and
Honma, 1983; Stanley and Linskens,1974). One thousand pollengrains were
scored from the parents andeach interspecific hybrid.Dark staining and full13
pollen grains were scored as viable. Light yellowstaining and misshapen pollen
grains were scored as nonviable.
Flower buds were separately harvested from each plantand fixed in a
modified Carnoy's solution of 4 parts chloroform, 3parts 95% ethanol, and 1 part
glacial acetic acid for 24 h. The solutionwas then replaced with a fresh Carnoy's
solution of 3 parts 95% ethanol and 1part acetic acid for an additional 24 h. The
flower buds were finally transferredto70%ethanol and stored at 4°C. Pollen
mother cells (PMCs) were prepared for observationusing a standard
acetocannine or propionocarmine squash techniqueand observed with a phase
contrast light microscope at90thmagnification. Early metaphase I cellswere
scored for number of open and closed bivalents,number of univalents, and
number of trivalents. Anaphase I cellswere scored for the number of chromo-
somes at each pole and number of lagging chromosomes. Theexpected chromo-
some segregation ratio for normal meiosis is 6:6:0, where the ratio(#:#:#) =
(number of chromosomes atone pole : number of chromosomes at the other pole
: number of laggards). These data were recorded from fourcells per bud and two
buds per plant for both intraspecific andinterspecific populations.
The mean chiasma frequency (c)was estimated using c = (mean number
of chiasmata per cell)/(number ofsets of homologous arms)(Gathman and Ray,
1987).The number of chiasmataper cell was estimated using the method of Dris-
coll et al.(1979),where open bivalentsare presumed to have one chiasma and
closed bivalents and trivalentsare presumed to have two chiasmata. Genome14
(GAI) and arm (AAI) affinity indexeswere estimated for the interspecific popu-
lations where GAI= (mean number of bivalent equivalents per cell)/(base
chromosome number), a bivalent equivalent= number of bivalents + number of
trivalents + 2(number of quadrivalents), and AAI= (c of the hybrid)/(mean of c
for the parents)(Gathman and Ray, 1987).
Fatty Acid and Allozyme Genetics
The C. viscosissima and C lanceolata f. silenoidesinbred lines VS-6 and
LN-43 S6 were used to make (VS-6x LN-43)F2, [(VS-6 x LN-43) x LN-43]3Ci,
[(VS-6 x LN-43)x VS-o]l:WI, and [VS-6x (VS-6 x LN-43)]3Ci populations. Each
seed was cut into two unequal sections;one-quarter was used for fatty acid
extraction and the remaining portionwas germinated and cotyledons were assayed
for enzyme activity.
The fatty acid extraction method usedwas modified from that of Cargill et
al. (1985) and similar to that of Knappand Tagliani (1991a, 1991b). Individual
one-quarter seed samples were ground ina 16 x 100 mm screw cap tube contain-
ing 0.5 ml of hexane. Sampleswere then evaporated to dryness at 50° C underan
N2 stream. Fatty acid extractionwas achieved by adding 0.1 ml ethyl ether, then
0.1 ml of 0.1 M KOH in methanol, 0.1ml pentane, and 0.1 ml 0.15 M HC1,
followed by vigorous shaking. A 5 Alaliquot from the top layer of eachsample
was injected into a gas chromatograph to determinefatty acid percentages. A
Varian 3400 gas chromatograph fittedwith a J&W DB-225 (15.0m x 0.533 mm)
fused silica columnwas used. The helium gas flow was setat 18 ml min-1. The15
column oven temperature was programmedto increase from 85° to 180°C at 20°C
per min and from 180° to 186°C at 2° per min. Temperatures of the injectorand
flame ionization detectorwere set at 220°C. Nu Check Pre (Elysian, MN)
standards were used to identify peaks and monitoranalysis. Peak counts were
expressed as a percentage of total fatty acids.
Frequency distributions were constructed for caprylicacid percentages
within each population. Individualswere assigned to caprylic acid phenotypic
classes using this information.
Germination of seed forenzyme assays was facilitated by removing seed
coats after soaking the seeds in distilled water fortwo h. Embryos were germinat-
ed at 26°C using a 16 h light: 8 h dark photoperiod. Cotyledons were harvested
from the seedlings after 4 to 7 days of growthand homogenized in a tissue grinder
(Diamond Research Products) with 35111/sampleof extraction buffer (Knapp and
Tag liani, 1989). Extractionswere done at 0°C.
Cotyledon extracts were absorbedon a 2 x 11 mm filter-paper wicks,
inserted into freshly made 11.3% starch gels,and electrophoresed. AC (Clayton
and Tretiak, 1972) gel and electrodebuffers were used. Electrophoresiswas
performed as previously described (Knappand Tag liani, 1989). After electropho-
resis, the gel was cut into 1.6mm thick horizontal slices and immediately stained.
Aconitase (ACO; EC 4.2.1.3), shikimatedehydrogenase (SKDH; EC 1.1.1.25),
phosphoglucomutase (PGM; EC 2.7.5.1), andmenadione reductase (MNR; EC
1.1.1.37) activities were assayedas previously described (Krueger and Knapp,16
1990). Alleles were recorded for scorable loci.
The fit of observed fatty acid and allozyme segregation ratiosto expected
segregation ratios and of observed fatty acid and allozymeallele frequencies to
expected allele frequencies for F2 or backcrossprogeny was tested using log
likelihood ratios (Sokal and Rohlf, 1981). Allele frequencieswere estimated to
determine if there was evidence for gameteor heterozygote selection. Sources of
overabundant alleles were determined for loci which exhibitedsegregation
distortion. If expected and observed allele frequencieswere not significantly
different, this was interpreted as heterozygote selection. Ifexpected and observed
allele frequencies were significantly different, thiswas interpreted as gametic
selection.17
Results
Cytogenetics
Differential staining of pollen grains from intraspecific and interspecific
hybrid populations was observed (Figure 1).Viability of the pollen of parental
populations was 98% for C. viscosissima (Figure la), 97% for C.lanceolata f.
silenoides (Figure lb), and 95% for C. lanceolata f. typica(Figure 1c). The
viability of C viscosissima x C. lanceolata f. silenoides pollen(Figure 1d) was 75%,
whereas the viability of C viscosissimax C lanceolata f. typica pollen (Figure le)
was 0%. Even though the C. viscosissima x C. lanceolata f. silenoides population
was 'fertile', the viability of its pollen was significantly less than that of the
parental populations. Sterility of the C viscosissimax C lanceolata f. typica
population was further substantiated by the lack of seedset when plants were
manually-pollinated in the greenhouse and insect-pollinatedin the field.
C viscosissima x C. lanceolata f. typica chromosomeswere unevenly
distributed in pollen mother cells (PMCs)at anaphase I (Table 1). Only 1% of
the PMCs exhibited normal chromosome segregation,whereas abnormal chromo-
some segregation was observed in 99% of the PMCs. Themost frequent
chromosome segregation ratios observedwere 7:5:0 (Figure 2a), 8:4:0, 6:5:1
(Figure 2b), and 9:3:0 (Table 1). Chromosomesegregation was normal (6:6:0) in
94% of the C viscosissimax C. lanceolata f. silenoides PMCs (Figure 2c) and
100% of the C lanceolata f. typica (Figure2d), C. lanceolata f. silenoides18
Figure 1. Pollen grains stained with 12KI. a) C. viscosissima b) C. lanceolata f.
silenoides c) C. lanceolata f. typica d) C viscosissima x C. lanceolata f. silenoides e)
C viscosissima x C. lanceolata f. typica.19
Figure 1.Table 1.Distribution of chromosomes at anaphaseI in intraspecific and interspecificCuphea populations.
Anaphase
Distribution
pole 1 : pole 2 : laggards
Percent of Cells
C. lanceolata f.C. lanceolata f. C. viscosissima x
C. viscosissimasilenoides typica C. lanceolata f. silenoides
% % % %
C. viscosissima x
C lanceolata f. typica
%
6:6:0 100 100 100 94 1
7:5:0 0 0 0 6 57
8:4:0 0 0 0 0 23
9:3:0 0 0 0 0 6
6:5:1 0 0 0 0 8
7:4:1 0 0 0 0 3
9:2:1 0 0 0 0 < 1
6:4:2 0 0 0 0 < 1
5:5:2 0 0 0 0 < 121
Figure 2. Chromosomal distribution at anaphase I. a)C. viscosissima x C. lan-
ceolata f. typica 7:5:0 b) C. viscosissimax C. lanceolata 1. typica 6:5:1 laggard c)
C. viscosissima x C. lanceolata f. silenoides 6:6:0 d) C.lanceolata f. typica 6:6:0
e) C. lanceolata f. silenoides 6:6:0.22
Figure 2.23
(Figure 2e), and C viscosissima PMCs. Abnormalchromosome segregation
was observed in 6% of the C. viscosissima x C. lanceolata f. silenoidesPMCs.
The ratio in these cellswas always 7:5:0 (Table 1).
Only open and closed bivalentswere observed at diakinesis of meta-
phase I in the intraspecific populations (Figure3a-3c). Univalents were
observed in the interspecific populations (Table2). The frequency was much
greater in the C. viscosissima x C lanceolata f. typicapopulation (5.75 per cell)
than in the C. viscosissimax C. lanceolata f. silenoides population (0.20 per
cell). Trivalents were infrequently observed inthe C. viscosissima x C. lan-
ceolata f. typica population only (0.02per cell) (Figure 3c). The C. viscosissima
x C. lanceolata f. silenoides population hadmany more open bivalents (5.47 per
cell) than closed bivalents (0.42per cell)(Table 2). In addition, it had many
more open bivalents than the intraspecific populations (2.13to 2.88 per cell)
and far fewer closed bivalents than theintraspecific populations (3.13 to 3.63
per cell) (Table 2). Closed bivalents were not observed inthe C. viscosissima x
C. lanceolata f. typica population; however,open bivalents (3.11 per cell) were
observed in this population.
The mean chiasmataper cell (xta) ranged from 9.12 to 9.84 in the intra-
specific populations, whereas thexta for the C. viscosissima x C. lanceolata f.
silenoides population was 6.32 arid 3.14 forthe C. viscosissima x C. lanceolata f.
typica population (Table 3). Likewise,the arm pairing frequency (c) ranged
from 0.76 to 0.82 within24
Figure 3. Chromosomal configurations at diakinesis of metaphase I. a) C.
lanceolata f. typica, 4 open and 2 closed bivalents b) C. lanceolata 1. silenoides,
3 open and 3 closed bivalents c) C. viscosissimax C. lanceolata f. typica, 1
trivalent, 2 open bivalents and 2 univalents.I
n
NTable 2. Pairing configurationsat metaphase I in pollen mother cells of intraspecificand interspecific Cuphea populations.
Population
Mean No. (± SE) Per Cell
Closed
Bivalents
Open
Bivalents Univalents Trivalents
C. viscosissima 3.63 ± 1.19 2.38 ± 1.19 0.00 0.00
C. lanceolata f. silenoides 3.88 ± 1.36 2.13 ± 1.36 0.00 0.00
C. lanceolata f. typica 3.13 ± 1.36 2.88 ± 1.36 0.00 0.00
C. viscosissima x C. lanceolata f.silenoides 0.42 ± 0.59 5.47 ± 0.59 0.20 ± 0.81 0.00
C. viscosissima x C. lanceolata f. typica 0.00 3.11 ± 0.66 5.75 ± 1.34 0.02 ± 0.1227
Table 3. Mean chiasmataper cell (xta), arm pairing frequency (c), genome
affinity index (GM), andarm affinity index (AM) estimates for intra- and
interspecific Cuphea populations.
Population xta c GM AAI
C. viscosissima x
C. lanceolata f. silenoides 6.32 0.53 0.98 0.65
C. viscosissima x
C. lanceolata f. typica 3.14 0.26 0.52 0.34
C. viscosissima 9.60 0.80
C. lanceolata f. silenoides 9.84 0.82
C. lanceolata f. typica 9.12 0.7628
intraspecific populations, whereasc values for the C. viscosissima x C.
lanceolata f. silenoides and C. viscosissimax C. lanceolata f. typica populations
were 0.53 and 0.26, respectively. The arm affinity index (AAI)and the genome
affinity index (GAI) for the C. viscosissimax C. lanceolata f. silenoides
population were twice as greatas the AAI and GAI for the C. viscosissimax C.
lanceolata f. typica population (Table 3).
Fatty Acid and Allozyme Genetics
Non-overlapping distributions of only caprylicacid (C8:0) phenotypic
classes were clear in the F2 and in all backcrosspopulations (Figures 4-7).
Three classes were present in the F2(Figure 4), they were 0.0- 2.0%, 5.0
12.8% and 13.1- 16.0%. Two classes were evident in the [(VS-6 x LN-43)x
VS-6P3C1 population (Figure 5) and in the[VS-6 x (VS-6 x LN-43)113C1
population (Figure 6). The two classes, 6.0- 11.0% and 11.5 - 19.5%, were
identical in these two reciprocal populations.The [(VS-6 x LN-43)x LN-
43P3Ci population also segregated intotwo distinct classes (Figure 7) their
values were 0.0- 2.0% and 5.0 - 11.0%. The separation of caprylic acid
phenotypes into discrete classes inthese interspecific F2 and backcross
populations indicates that caprylic acidcontent is affected by a singlegene,
which we name cei.
Distinct means for each cei phenotypewere found for capric, myristic,
palmitic, stearic, and oleic acids ineach interspecific F2 and backcrosspopula-
tion (Table 4). The trend in allpopulations is for the genotype withthe lowest60
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Figure 4.Frequency distribution of caprylic acid (C8:0)percentage in the
(C. viscosissima x C. lanceolata f. silenoides) F2population.30
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Figure 5. Frequency distribution of caprylicacid (C8:0) percentage in the
(C. viscosissima x C. lanceolata f. silenoides)x C. viscosissima population.60
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Figure 6.Frequency distribution of caprylic acid (C8:0)percentage in the C.
viscosissima x (C. viscosissima x C. lanceolata f. silenoides)population.60
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Figure 7.Frequency distribution of caprylic acid (C8:0)percentage in the (C.
viscosissima x C. lanceolata f. silenoides)x C. lanceolata f. silenoides population.Table 4. Mean fatty acidpercentages of cei phenotypes in interspecificF2 and backcross Cuphea populations.
Populationt
Fatty
acid* LN/LN
(VS x LN) F
VS/VS
VS x (VS x LN) (VS x LN) x VS (VS x LN) x LN
Phenotype Phenotype
VS/VS
Phenotype Phenotype
LN/VS LN/VS LN/VS VS/VS LN/LN LN/VS
6:0 0.13 0.19 0.28 0.21 0.41 0.22 0.59 0.05 0.17
8:0 0.92 7.94 14.61 9.20 17.17 8.67 15.14 0.82 7.54
10:0 81.61 78.04 74.54 77.97 71.74 77.67 73.07 81.56 78.16
12:0 2.33 2.56 2.48 2.42 2.54 2.64 2.49 2.36 2.48
14:0 2.86 1.99 1.26 1.64 1.08 1.78 1.20 3.07 2.06
16:0 4.03 2.93 2.03 2.71 2.02 2.80 2.11 3.91 2.93
18:0 0.47 0.30 0.15 0.24 0.19 0.28 0.17 0.52 0.31
18:1 4.72 3.14 2.13 2.17 1.50 2.59 1.67 4.40 2.99
18:2 2.96 2.73 2.52 3.41 3.26 3.65 3.52 3.27 3.21
18:3 0.29 0.24 0.21 0.26 0.22 0.19 0.22 0.26 0.29
t: VS= C. viscosissima and LN = C. lanceolata f. silenoides.
*: 6:0, 8:0, 10:0, 12:0,14:0, 16:0, 18:0, 18:1, 18:2, 18:3are caproic, caprylic, capric, lauric, myristic, palmitic,
stearic, oleic, lineoleic, and linolenicacid, respectively.34
mean caprylic acid content (LN/LN) to have the highestmean capric, myristic,
palmitic, stearic, and oleic acidpercentages, while the genotype with the
highest mean caprylic content (VS/VS)to have the lowest mean capric,
myristic, palmitic, stearic, and oleic acidpercentage (Table 4).
Significantly distorted allozyme and ceisegregation ratios were observed
for 13 of 20 tests of the hypothesis ofno deviation from expected segregation
ratios, and significantly distorted allelefrequencies were observed for 11 of 18
tests of the hypothesis of no deviation from expectedallele frequencies within
F2 and BC1 populations (Tables 5 and 6).Segregation at the SKDH -1 locus
was distorted within BC1 populations when C. viscosissimawas used as the
recurrent parent (Table 5). The frequency of C.lanceolata SKDH-1 alleleswas
slightly but not significantlygreater in the [(VS-6 x LN-43) x VS-6]I3C1 popula-
tion, whereas the frequency of C.viscosissima SKDH-1 alleleswas significantly
greater in the [VS-6 x (VS-6 x LN-43)]3Ci population(Table 4).
Segregation distortion at the PGM-1 andcei loci was observed inevery
population, whereas no segregation distortionwas observed at the PGM-2 locus
(Table 5). Otherwise segregation distortionwas inconsistent for a particular
locus. Segregation distortionat the MNR-1 locus, for example,was observed
only within the (VS-6x LN-43)F2 and the [(VS-6 x LN-43)x VS-6]3C1.
The occurrence of aberrant allozymefrequencies was for the mostpart
consistent with the occurrence of distortedallozyme phenotype frequencies
(Tables 5 and 6). Distorted allele frequencieswere observed for every locus at35
Table 5. Segregation ratios andtest statistics for C. viscosissima x C. lanceolata
f. silenoides F2 and backcross populations.
Locus Population*
Observed
Numbers*
Expected
Numbers G*P - Value
SKDH -1(VS x LN) x (VS x LN) 29:74:41 36:72:36 2.18 0.34
(VS x LN) x LN 67:54 60.5:60.5 1.40 0.24
(VS x LN) x VS 54:79 66.5:66.5 4.73 0.03
VS x (VS x LN) 63:39 51:51 5.70 0.02
ACO-2(VS x LN) x (VS x LN) 53:74 63.5:63.5 63.09 <0.0001
(VS x LN) x LN 63:53 58:58 0.86 0.35
PGM-1(VS x LN) x (VS x LN) 14:77:49 35:70:35 22.00 <0.0001
(VS x LN) x LN 40:82 61:61 14.76 <0.0001
(VS x LN) x VS 51:81 66:66 6.88 0.0087
VS x (VS x LN) 34:69 51.5:51.5 12.13 0.0005
PGM-2(VS x LN) x (VS x LN) 24:62:40 31.5:63:31.5 4.07 0.13
(VS x LN) x VS 51:56 53.5:53.5 0.23 0.63
VS x (VS x LN) 43:42 42.5:42.5 0.01 0.92
MNR-1(VS x LN) x (VS x LN) 11:107:11 32.25:64.5:32.25 60.99 <0.0001
(VS x LN) x VS 43:85 64:64 14.03 0.0002
VS x (VS x LN) 51:51 51:51 0.00 1.00
cei (VS x LN) x (VS x LN) 4:103:69 44:88:44 7533 <0.0001
(VS x LN) x LN 46:79 62.5:62.5 8.82 0.03
(VS x LN) x VS 46:87 66.5:66.5 12.84 0.0003
VS x (VS x LN) 38:70 54:54 9.63 0.0019
t: VS = C. viscosissimaand LN = C. lanceolata f. silenoides
*: Order ofgenotypes are VS/VS : VS/LN: LN/LN for F2 and VS/VS or
LN/LN : VS/LN for backcrosspopulations.
1: G= log likelihood ratio36
Table 6. Allele frequencies and test statistics forC viscosthsima x C. lanceolata f.
silenoides F2 and backcross populations.
Locus Populationt
Observed
Allele
Numbers
VS:LN
Expected
Allele
Numbers
VS:LN G*P - Value
Source of
Excess
Alleles
SKDH -1(VS x LN) x (VS x LN) 132:156 144:144 2.00 0.16
(VS x LN) x LN 54:188 60.5:181.50.95 033
(VS x LN) x VS 187:79 199.5:66.53.01 0.082 LN
VS x (VS x LN) 165:39 153:51 3.99 0.046 VS
PGM-1(VS x LN) x (VS x LN) 105:175 140:140 17.69 <0.0001 LN
(VS x LN) x LN 82:162 61:183 9.03 0.003 VS
(VS x LN) x VS 183:81 198:66 4.34 0.04 LN
VS x (VS x LN) 137:69 1545:51.57.43 0.006 LN
PGM-2(VS x LN) x (VS x LN) 110:142 126:126 4.07 0.04 LN
(VS x LN) x VS 158:56 160.5:53.51.14 0.29
VS x (VS x LN) 128:42 127.5:42.5 0.01 0.92
MNR-1(VS x LN) x (VS x LN) 129:129 129:129 0.00 1.00
(VS x LN) x VS 171:85 192:64 8.63 0.003 LN
VS x (VS x LN) 153:51 153:51 0.00 1.00
cei (VS x LN) x (VS x LN) 111:241 176:17649.17 <0.0001 LN
(VS x LN) x LN 79:171 1995:66.55.51 0.0189 VS
(VS x LN) x VS 179:87 162:54 7.94 0.0048 LN
VS x (VS x LN) 146:70 623:187.55.97 0.0146 LN
t: VS= C. viscosissima and LN = C lanceolata f. silenoides
±: G= log likelihood ratio
*: Dashes denote allelefrequencies which were not significantly differentfrom
expected frequencies.37
least once and for at leastone locus within a particular population (Table 6). C.
lanceolata alleles were overabundant for eight of the 11 lociwhich had distorted
frequencies.
The overabundant allele at both PGM-1 and cei inthree of the four
populations was from C. lanceolata; the C. viscosissimaallele was overabundant in
the [(VS-6 x LN-43) x LN-43]3Ci population (Table6). In addition, the C. visco-
sissima allele was overabundant at the MNR-1 locus inthe [(VS-6 x LN-43) x VS-
6]3Ci population, but was otherwise lessor equally as frequent as the C.
lanceolata alleles (Table 6).38
Discussion
Cytogenetics
There were significant differences in thefrequency and severity of meiotic
irregularities in the C. viscosissimax C. lanceolata f. typica and C. viscosissimax C.
lanceolata f. silenoides populations. The Cviscosissima x C. lanceolata f. typica
population was completely sterile (Figure 1).In addition, it exhibited pairing
abnormalities at diakinesis (Table 2 and Figure3) and chromosome disjunction
abnormalities at anaphase I (Table 1 and Figure2). Seed failed to set whenwe
backcrossed C. viscosissima and C. lanceolataf. typica to (C. viscosissimax C.
lanceolata f. typica), with the latter usedas the female; thus, these populations
were female sterile as well as male sterile. This isnot unexpected given the
severity of the meiotic abnormalitieswe observed within the C. viscosissimax C.
lanceolata f. typica population (Tables1 and 2 and Figures 2 and 3).
Normal chromosome distributionat anaphase I was observed within only
1% of the PMCs of the C. viscosissimax C. lanceolata f. typica populationand
these may not have had completehaploid chromosome complements.Normal
chromosome disjunction at anaphase Irequires normal pairing of homologous
chromosomes at diakinesis of metaphaseI. Nearly half of the chromosomesin
the C. viscosissimax C. lanceolata f. typica populationwere unpaired and half
were paired as open bivalents (Table 2). Likewise,genome and arm affinities
were significantly less for the C. viscosissimax C. lanceolata f. typica population39
than for the C. viscosissimax C. lanceolata f. silenoides population (Table 3).
Although meiosis was for the mostpart normal in the C. viscosissima x C.
lanceolata f. silenoides population,a few important characteristics distinguish this
interspecific population from the intraspecificpopulations (Tables 1-3 and Figures
1-3). Abnormal chromosome disjunctionwas observed in 6% of the PMCs of the
C. viscosissima x C. lanceolata f. silenoidespopulation, and the viability of the
pollen was less than within the intraspecificpopulations-75% of the C.
viscosissima x C. lanceolata f. silenoides populationpollen was viable versus a
mean of 97.5% for the intraspecific populations. Butmore importantly, most of
the chromosomes in the PMCs of theC. viscosissima x C lanceolata f. silenoides
population were paired asopen bivalents, whereas the frequency ofopen and
closed bivalents was nearly equal withinthe intraspecific populations (Table 3);
thus, there is strong cytological evidenceof decreased recombination in the
interspecific population, i.e.,a greatly decreased frequency of closed bivalents
relative to the intraspecific populations.Additional experimentsare needed to
determine if there are recombinationfrequency differences between genetic
markers among intraspecific andinterspecific populations.
Differences in genome homologymay partly explain the frequent and
severe meiotic irregularities we observed within theC. viscosissima x C. lanceolata
f. typica population, and infrequentand minor meiotic irregularitieswe observed
within the C. viscosissimax C. lanceolata f. silenoides population. The trendsof
the GAI and AAI estimates forour interspecific populations were consistent;40
however, GAI estimates were significantlygreater than AAI estimates for a given
population. Gathman and Ray (1987) arguedthat GAI overestimatesgenome
homology because it does not distinguishbetween open and closed bivalents. The
GAI estimate for the C. viscosissimax C. lanceolata f. silenoides population was
0.98, whereas the AAI was 0.65. The differenceis accounted for by the lack of
closed bivalents within the population.Although the GAI estimate of 0.98 is
evidence for strong genome homology, theAAI estimate is probablymore
indicative of the genome homology ofthese species since it reflects differences in
the number of open and closed bivalents.
From a practical standpoint, the GAIestimate of 0.98 for the C. vis-
cosissima x C. lanceolata f. silenoides populationreflects the fertility and synchro-
nized pairing of homologous chromosomeswithin this population, whereas the
AM estimate of 0.65 reflects the lessthan complete genome affinity, infrequently
irregular meiosis, and decreased chiasmafrequency. Whether or not the latter
reflects decreased recombination isuncertain, but it seems probable. Thishas
important consequences for breedingthese species and for mapping experiments
which use C. viscosissimax C. lanceolata f. silenoides populations. If less recombi-
nation takes place, then the interspecificmap should be shorter than the intra-
specific map, and breeding efficiencywithin interspecific populations shouldbe
less than within intraspecific populationssince recombination and transgressive
segregation are decreased in interspecificpopulations. Eliminating the donor
parent genome with backcrossing and selection,for example, mightprogress more41
slowly in interspecific populations than in intraspecificpopulations as a conse-
quence of decreased recombination.
Decreased chiasma frequency in fertile interspecific populationsis not
unusual. Chiasma frequencies within dallisgrassx vaseygrass (Caponio and
Quarin, 1990), Hibiscus (Menzel and Martin, 1970),Cajanus x Atylosia (Dundas et
al., 1987), and Almus (Jensen, 1990) interspecificpopulations, for example, are
known to be less than for their respective intraspecificpopulations.
GAI and AAI estimates for the C. viscosissimax C. lanceolata f. typica
population were half those for the C. viscosissimax C. lanceolata f. silenoides
population (Table 3). These differences reflect the failureof half of the chromo-
somes to pair normally, but do not necessarily reflect differences ingenome
homology. Most of the germplasm of C lanceolatahas not been recovered from
the wild; thus, it remains to beseen how much of the diversity of C lanceolata
falls within the C lanceolata f. silenoides andC lanceolata f. typica germplasm
pools or, more importantly, whetheror not a particular wild population behaves
like C. lanceolata f. silenoides and C lanceolata f.typica in crosses with C
viscosissima. This is an important issue since C.viscosissima is the focus of much
domestication work (Knapp, 1990). As it stands,C lanceolata f. silenoides falls
within the secondary germplasm pool of C.viscosissima, whereas C. lanceolata f.
typica falls within the tertiary germplasm poolof C viscosissima, but lines of
demarcation drawn from taxonomic characteristicsare not sufficient to determine
the utility of C lanceolata germplasm forbreeding C viscosissima because they42
are not necessarily unequivocal determinants of the meioticbehavior of
interspecific populations. This must be testedfor individual populationsas
additional C. lanceolata germplasm is recoveredfrom the wild. C. lanceolata f.
typica germplasm is not likely to be useful forbreeding C. viscosissima without
using special techniques,e.g., embryo rescue, to recover interspecificprogeny.
Even then, significant recombination betweentheir genomes is unlikely.
Fatty Acid and Allozyme Genetics
C. lanceolata allozyme and cei alleleswere overabundant more frequently
than C. viscosissima alleles in interspecificpopulations (Table 6). Aberrant allele
frequencies were primarily explained bygametic selection as opposed to heterozy-
gote selection. There was a strong positive correlationbetween segregation and
allele frequency distortion, which is indicativeof selection againsta particular
genome (gametic selection) as opposed to selection favoringheterozygotes. The
only exception wasan excess of heterozygotes but an equal frequency of C.
viscosissima and C lanceolata allelesat the MNR-1 locus in the F2 population
(Table 5 and 6).
We originally hypothesized that fattyacid and allozyme phenotype frequen-
cies would be distorted and C.lanceolata alleles would be overabundantonly in
the F2 population and backcrosspopulations where C. viscosissimawas used as the
male parent. This hypothesiswas founded on the notion that pollen tube growth
rates might be different for the two species,which has never been tested, since
the C. lanceolata pistil is significantlylonger than the C. viscosissimapistil, 34 mm43
as opposed to 10 mm. Pollen tube growth rate differenceswere hypothesized to
be a selective force when C. viscosissimaor C. viscosissima x C. lanceolata were
used as pollen sources. Our data do notsupport this hypothesis. Segregation
distortion was observed equally frequently when thepollen source was homoge-
neous (C. viscosissima or C. lanceolata) or heterogeneous (C. viscosissimax C.
lanceolata) (Tables 5 and 6).
Selection favoring one or the othergenome was inconsistent; however, C.
lanceolata was favored in the majority of thecases. In fact, the allele frequencies
calculated over all populations and all loci examinedin this study show an overall
excess of C. lanceolata alleles. The expected ratio of C. viscosissimato C. lan-
ceolata alleles was 2598.5:1833.5, the observed ratiowas 2409:2023, and the G
statistic was 16.56, which is highly significant (P=0.00005). This indicates that
overall, C. lanceolata alleleswere favored at the loci we surveyed; however there
were individual loci where C. viscosissima alleleswere overabundant.
Segregation distortion and gametic selection havebeen widely observed
within interspecific populations ofmany plant species (Gaur and Slinkard, 1990;
Weeden and Robinson, 1986; Harvey andMuehlbauer, 1989; Tones et al., 1985;
Tones et al., 1986; Rick, 1969). For themost part, consistent segregationor
allele frequency distortion trendswere not observed in these species. Further
studies, using more genetic markers,are needed to characterize the pattern of
segregation distortion in the C. viscosissimax C. lanceolata f. silenoides hybrid.44
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